The microwave sintering process not only densified the ZnO materials in a higher rate, but also resulted in significantly better varistor characteristics. Large nonlinear coefficient and low leakage current density were attained by cooling the samples under a rate of 80 ± C͞min after sintering, followed by 600 ± C postannealing for 60 min under oxygen atmosphere. Inappropriate annealing deteriorated the varistor characteristics that can either be attributed to the insufficient reoxidation along grain boundaries when annealed in N 2 (or air) or loss of Zn species in these regions when annealed at 750 ± C (900 ± C). By contrast, the degradation behavior of these materials can be improved by the annealing process regardless of the annealing atmosphere or temperature.
I. INTRODUCTION
The ZnO-based ceramics containing donors, sintering aids, and microstructural stabilizers [1] [2] [3] have been widely used as transient surge suppressors for protecting electrical circuits, 4 ,5 because of their highly nonlinear voltage (V)-current (I) characteristics and excellent surge-withstand capability. The non-ohmic properties of these materials are sensitive to the postsintering process even when the samples have been properly sintered, 6 -8 which was attributed to the modification on the defect chemistry of the depletion region of the materials.
The degradation of varistor characteristics described by the increase in leakage current density with operation time is the behavior of prime concern in device applications, besides the non-ohmic property of the ZnO varistors. 9, 10 Among the models proposed to account for the degradation mechanisms, the most acceptable one is due to Gupta and Carlson, 11 based on the migration of zinc interstitials present in the depletion region under the action of electric stress. Several approaches 8, [11] [12] [13] [14] [15] have been attempted to improve the degradation behavior of ZnO varistors. Among them, heat treatment after sintering can effectively improve the stability of the materials, 16 -18 which was assumed to result from the out diffusion of interstitial zinc (Zn i ). 19 In this work, the donor-doped ZnO materials were densified by the microwave sintering process, since this process can enhance the densification rate for ceramic materials. 20 -22 The effect of postsintering process, including the cooling rate and annealing conditions, on their varistor characteristics, especially the degradation behavior, will be examined. The possible mechanism for the modification of these properties is discussed.
II. EXPERIMENTAL PROCEDURES

A. Sample preparations
A typically commercial single uniform batch of ZnO varistor powders was prepared. The composition of the ZnO varistor samples consisted of 97 mol % ZnO with 1͞2 mol % each of Bi 2 O 3 , Co 3 O 4 , TiO 2 , and Cr 2 O 3 , and 1 mol % of Al 2 O 3 . The mixtures were ball-milled with a plastic jar, using zirconia balls and de-ionized water, for 8 h. They were then calcined at 750 ± C in air for 2 h, followed by pulverization in a ball-mill for 8 h to around 0.8 mm size. The green compacts made of these powders were microwave sintering at 1000 ± C for 10 min in an applicator made of WR284 waveguide, using a 2.45 GHz microwave generated from commercial source (Gerling GL107 magnetron). The temperature profile was measured using Pt-13% Rh thermocouple, placed near the sample surface. The heating rate was 40 ± C͞min and the cooling rate was either 145 ± C͞min, 80 ± C͞min, or 6 ± C͞min. For comparison, the samples were also prepared by a conventional sintering process, that is, sintering at 1000 ± C for 60 min in an electrical furnace. The heating rate was 5 ± C͞min and the cooling rate was 1 treated at 600 ± C in controlled atmosphere (i.e., O 2 , air or N 2 ) or heat-treated at 600-900 ± C in O 2 atmosphere.
B. Measurements
The crystal structure and microstructure of the sintering samples were examined using a Rigaku D͞mas-IIB x-ray diffractometer and JEOL JSM-840A scanning electron microscope (SEM), respectively. The average grain size, G, was estimated with the linear intercept method as described by Mendelson 23 with a multiple factor of 1.56. The voltage-current (V-I) properties of these samples were measured using a Keithley 237 I-V electrometer after the silver paste was rubbed onto the sample surface and fired at 100 ± C for 30 min to serve as electrodes. Breakdown voltage (V bk ) was evaluated from the I-V curve at a current density of 0.5 mA͞cm 2 , and the leakage current density (J L ) was estimated at a current density at 0.8 V bk . The nonlinear coefficient (a) was calculated using the I-V properties of the materials in-between the current density ranges of 1.0 mA͞cm 2 and 10 mA͞cm 2 . The capacitance-voltage (C-V) measurements were made at room temperature using H.P.4274A capacitance meter. The electrical characteristics, including barrier height (f b ) and donor concentration (N d ), were determined from capacitancevoltage (C-V) data, using the model proposed by Mukae et al. 24 The capacitance-frequency relations were measured by a H.P. impedance analyzer (HP4194A). The degradation test was made at a temperature of 120 ± C by monitoring the evolution of leakage current density with time, using a Keithley 237 I-V electrometer.
III. RESULTS AND DISCUSSIONS
A. Cooling rate effect
The sintering of ZnO materials needed only 1000 ± C (10 min) to reach a high density as 96.0% T.D. (theoretical density) by microwave sintering process, whereas it took 1000 ± C (60 min) to attain a similar density with the furnace sintering process. Phase constituents of the microwave sintered (ms) samples are not different from that of the furnace sintered (fs) ones. X-ray diffraction patterns shown in Fig. 1 indicate that they contain hexagonal ZnO as main constituents with Bi-rich phase (24Bi 2 O 3 -ZnO) and spinel as minor secondary phases. However, the microstructure of the ms-samples is significantly different from that of the fs-samples. Figure 2 (a) shows that the ZnO materials densified by the furnace sintering process contained uniform grain size distribution, with the average grain size around 4 mm, which did not change with the cooling rate. By contrast, the grain size of the ms-samples is usually larger than that of the fs-samples, and the grains grew to a larger size when cooled in a slower rate, as shown in Cooling rate modified the electric field-current density (J-E) characteristics of the fs-samples only moderately. Figure 3 On the contrary, a sufficiently large cooling rate, i.e., r . 80 
where q and e 0 are the electronic charges and dielectric constant of vacuum, respectively; e is the relative dielectric constant of the materials. The donors are either the trivalent donor dopants (i.e., Sb 31 ), the interstitial Zn species (i.e., Zn i ), or the oxygen vacancies (V O ), whereas the surface states may be contributed by the impurities or adsorpted oxygen at grain boundaries and the effective trap level induced by the cation vacancies (i.e., V Zn ) presented in depletion region. Larger donor density contained in ms-samples can be attributed to the freezing of excess interstitial Zn species formed at high temperature by the fast cooling process. However, it is believed that the grain boundaries of the microwave sintered materials are less defective, i.e., contained smaller proportion of surface states, which is the more important cause of the lowering of the f value of those samples. These phenomena, however, required more detailed investigation.
The dielectric properties of the ZnO varistors are strongly frequency dependent. As shown in Fig. 5(a) , the apparent dielectric constant decreased monotonously with the measuring frequencies. The K value of the microwave sintered (ms) samples, K ms 3000-4000 at 1 kHz, is larger than that of the conventional furnace sintered (fs) samples, i.e., K fs 1000 at 1 kHz. These dielectric constant values are exceedingly larger than that of the pure ZnO materials (K ZnO 8.5), indicating that the ZnO varistors behaved as a grain boundary barrier layer (GBBL) capacitors, which possessed unique microstructure as semiconducting grains separated by insulating grain boundaries. Similar characteristics are even more clearly illustrated in the frequency dependence of dissipation factor [ Fig. 5(b) ]. A noteworthy dielectric relaxation peak occurred in the vicinity of 300 kHz for ms-samples and in the vicinity of 3 MHz for fs-samples. The low frequency resonance at 300 kHz can apparently be attributed to the relaxation of space charge polarization (SCP), which occurred for electrons to transport inside the grain interior, in between the grain boundary barriers, whereas the high frequency resonance at 3 MHz can be ascribed to the relaxation of the orientational polarization (OP) in the depletion region of the ZnO materials, according to the "valence electron resonance model" proposed by Alim 25 or Shim and Cordaro, 26, 27 where the electrons were assumed to hop in-between the intrinsic defects with ϳ0.33 eV trap level. The SCP relaxation was suppressed in fs-samples due to low N d and small grain characteristics of these materials. On the other hand, the OP relaxation, which should also occur to ms-samples, is not observable due to the appearance of the exceedingly large SCP-resonance peak and relatively small OP-resonance peak, due to thinner depletion region (i.e., small f b ) of these materials. A large proportion of equivalent donor concentration (N d ), the interstitial Zn, induced in microwave sintering process, in addition to the thinner depletion region near the grain boundaries, can account for the larger apparent dielectric constant of ms-samples.
B. Annealing effect
The degradation of the ZnO materials, which is the change of their electrical properties with time, is another IP address: 140.113.38.11 characteristic of prime importance for the application of varistor devices. It was proposed that the degradation of ZnO materials was induced by the out diffusion of interstitial Zn atom under electric stress and can be markedly improved by annealing these materials under oxidizing atmosphere at 600-800
10 Similar experiments were thus performed on the microwave sintered samples (1000 ± C, 10 min and 80 ± C͞min) to examine the annealing effect on their degradation behavior.
The electric field-current density (E-J) and capacitance-voltage (C-V) behaviors of the 600 ± C annealed ms-samples are shown in Figs. 6(a) and 6(b), respectively, and the corresponding varistor characteristics deduced from these curves are listed in Table IIa . It is observed that annealing in either air or nitrogen atmosphere at 600 ± C deteriorated the varistor behavior markedly; that is, the leakage current density increased from J L 5.3 3 10
25 A͞cm 2 to J L 9.8--18 3 10 25 A͞cm 2 and the nonlinearity decreased from a 27 to a 11-8 after annealing, the potential barrier height increased from f b 0.87 eV to f b 1.10 eV, while the donor concentration was not significantly changed. Contrarily, annealing in oxygen atmosphere at 600 ± C lowered the leakage current density significantly to J L 1.5 3 10
25 A͞cm 2 , maintaining the other varistor characteristics unaltered. On the other hand, the leakage current density for the ZnO samples, normalized by the initial leakage current density (J 0 ), increased pronouncedly with time for the as-sintered samples [fine solid curve, Fig. 6(c) ] and the degradation behavior was substantially suppressed due to the annealing process, regardless of annealing atmosphere. Although the annealing in N 2 atmosphere resulted in large initial leakage current density (J 0 ), this value will not further increase with time [dash-dotted curve, Fig. 6(c) ].
It was proposed that the prime reactions occurred during annealing process are the inward diffusion of oxygen along the grain boundary region and the outward diffusion of Zn-interstitials from grain interior to the boundary region. 3 The former will annihilate the oxygen vacancies that reduced the effective donor concentration via the following reaction:
and, therefore, lowered the leakage current density. The increase in leakage current density, when the samples were annealed in air or N 2 atmosphere, can thus be ascribed to the insufficient supply of the oxygen. An abundance of oxygen vacancies was thus induced. On the other hand, outward diffused Zn-interstitials will interacted with the Zn-vacancies, V Zn , via the following reaction:
and then recombined with oxygen species incorporated into the lattice via the reaction described in Eq. (2). Simultaneous elimination of the Zn interstitials (Zn i ) and Zn vacancies (V Zn ) did not alter the materials' varistor characteristics, since the effective donor concentration (N d ) was not altered. However, the degradation behavior of these materials, which occurred due to the diffusion of Zn i species under the electric stress, was significantly improved [cf. Fig. 6(c) ]. The assumption that the elimination of Zn i species improves the degradation behavior of these materials is in accord with the mechanism reported earlier. 3 Restated, annealing in oxidizing atmosphere, i.e., O 2 , not only suppressed the initial leakage current density (J 0 ) but also improved the degradation behavior [bold solid curve, Fig. 6(c) ], which ascribed to the annihilation of Zn-interstitials and oxygen vacancies.
On the other hand, annealing in oxygen at higher temperature (i.e., 750 and 900 ± C) deteriorated the varistor characteristics markedly. The nonlinear coefficient (a) and the donor concentration (N d ) were significantly lowered, while the leakage current density (J L ), the potential barrier height (f b ), and breakdown voltage (V bk ) were insignificantly altered, as shown in Fig. 7 and Table II(b) . However, the degradation of the leakage current density was still improved, even though the varistor characteristics were markedly degraded. These phenomena indicate, again, that the degradation behavior is intimately related to the presence of a large proportion of interstitial Zn species existing in the grain interior, whereas the other varistor characteristics are more closely related to the constitution and proportion of atomic defects existing in the depletion zone near the grain boundaries.
Postannealing at 600 ± C imposed an insignificant effect on the dielectric properties of the ZnO varistors, regardless of annealing atmosphere. As shown in Figs. 8(a) and 8(b), the apparent dielectric constant decreased monotonously with measuring frequency and an SCP relaxation occurred in the vicinity of 300 KHz. Postannealing at higher temperature (i.e., 750 and 900 ± C, O 2 ) markedly lowered the apparent dielectric constant and suppressed the space charge polarization (SCP) relaxation. Table II Annealing under nonoxidizing atmosphere (air and N 2 ) and unsuitable temperature (750 or 900 ± C) deteriorated the varistor characteristics that were ascribed to the insufficient reoxidation or the induction of oxygen and zinc vacancies. Contrarily, the degradation behavior, evaluated by time evolution of leakage current density, was significantly improved by the annealing process, regardless of annealing atmosphere or temperature. Such a behavior was attributed to the elimination of interstitial zinc (Zn i ) due to annealing such that the phenomenon of out diffusion of Zn i species was suppressed.
